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A fl lght investigation has been  conducted on a roll-stab<l&d I 
jet  test  vehicle.  Engine  performance data are  presented  over:a i4ficE.l- 

and  En  altitude  range of 3,OOO t o  40,000 feet.  Roll-control prform 
is presented  over a Mach  number  range of a-pproximately 2.3 to; 2.4. i 
Tneoretical  values of the half anplitude  and  the  period of t& self-/ 

.. cumber  range of 2.3 to 2.7, e range  of  fuel-air  ratio of O.O$ to O.( 

A 

sustained  roll  oscillation  shov g& agreement  with experbentel results. 

INTRODUCTION 

EI recect  years  there  hcs  been  an  increasing  interest  in  missiles 
capeble of cruisir_g  at  supersonic  speeds. &e method of flying  other 
than- 6, ballistic  trajectory  is  to  roll  stabilize  the  missile and pro- 
vide lift. Since a ram-jet  powered missile could readily  be used as e 
cruising  missile, 6 flight test of a ran-jet  test  vehicle  sinilar to 
those investigated in references 1 and 2 has been  mede  with  the  addi- 
tion  of a flicker-type automtic roll-stabilization  system  having e 
displacement-plus-rate  response. 

Ram-jet performnce was  obtained  in  the  lkch  number  range 2.3 to 
2.7 and a fuel-air  rstio  range of 0.035 to 0.050. Boll-control  system 
performance was obkir_ed in the bkch number  range 2.3 to 2.k vith a 
corresponding  dynamic  pressure  range  of 7,000 to 4,500 pounds per  square 
foot.  The  ram-jet  test  vehicle was flight-tested  at  the  Lengley  Pilot- 
less Aircraft  Resesrch  Station,  Wallops  Island,  Va. 
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SYMIjOLS 
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V 

b 

CD 

C 
TG 

half  anslitude  of  the  self-sastained r o l l  oscillation 
(half  total  amplitude  disphcement),  deg 

drag  coefficient 

roll-damping  coefficient  derivative 

control-monent  coefficient  derivative 

ram jet  thrust  coefficient 

gross tkrust  coefficient 

net tkrus t coefficient 

thrast, lb  

weight  fuel-air  ratio 

total  pressure  at  the  exit of the  diffuser, lb/sq ft 

free-streaT  total  pressure,  lb/sq  ft 

altitude, f t 

moment  of  inertia  of  vehicle  about  longitudinal axis, 
s lug-f t 2 

€JLtch number 

fuel  rate,  lb/sec 

period of the  self'-sustained r o l l  oscillation,  sec 

free-stream  static  pressure, lb/sq in. abs 

dynamic  presslze,  lb/sq I"t 

iiep-olds nunber based on mean  chord  of  delta  wing 
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C T free-stream  sL&tic  temperature, 9 abs 

.d V vehicle  velocity,   f t /sec 

X horizontal  range, f t 

8 deflection  angle of one sileron, deg 

h gyro rate factor,  radian/radian/sec 

T time lzg  in operation of the ailerons,   sec 

@ rolling  velocity,  deg/sec 

MODEL DESCRIPTION 

Airframe 

Photogqhs  gresent ing  top and side views of the test vehicle are 
shom in   f igure  1. The principal  dinensions and general  arrmgement of 
the test  vehicle are shorn- i n  f igu-re 2. The vehicle differs from the 
test  vehicles  reported i n  references 1 and 2 ir! t ha t  a 9-inch  cylindrical 
section w e s  added forward of the fuel tank  to  sccommdate  the  roll-control 
gyros,  srrd a 60° delte v e r t i c a l   f i n  wC'A t i p   e i l e r o m  was used in  plece 
of the swept v e r t i c a l   f i n .  

The vehicle weighed 311 pounds including 25 pounds of fuel .  The 
rronent of i n e r t i a  &bout  the  longitudinal axis 02 the  vehicle was 2.1 slug 
f e e t  s quered. 

Ram- Jet Engines 

Two ident ica l  ram jets were used t o  power the  vehicle. Figure 3 
shovs a sect ional  view of the  engine  and its  component parts. The 
engines were constructed  xith  alurninm cowls and imer bodies. The 
5urners and combustion she l l s  w e r e  of inconel vith mild tsteel e x i t  noz- 
z l e s .  The engines  each 'had an  inlet   capture area of 0.085 square  foot 
and a design Mach  number of 2.1. The coxbustion-chamber design was 
i d e n t i c a l   t o   t h a t  used in  references 1, 2, and 3 .  The e x i t  nozzles had 
e. throat   to  combustion-chamber area r a t i o  of 0.853 and th roa t   t o  exit 
a rea   r a t io  of 0.826. 

Burnout-type s t a r t i ng  disks, sindlar t o  those  described  in refer- 
ence 3, were used. Electric  delay  squibs  ignited the engines  during 
boost st a Yach cumber of about 1.6. A motorized  needle  valve was used 
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to  regulate the f u e l  flow a t  a predetermined rate. The valve w e s  a l so  
used to prograa  the  f ir ing of the  booster and ram-jet ignition. The 
f u e l  tank '*-as charged w i t h  25 pouxds of comiercial grade ethylene (C2X4) 
f u e l  a t  about 1,100 pounds per  sqlare  inch. 

Roli-Stabilization System 

The roll autopilot, similar ta that analyzed  in.reference 4, is 
classed as a flicker-type  autopilot  having a displacement-plus-rate 
resgonse. The a l l - e l ec t r i ca l  components consisted of gyro unit ,  power 
relay, and solenoid-type  servos. These components are  shown i n  figure 4. 
In operation,  displacement of the %ode1 in   ro l l   a c tua t e s  the power relay 
through a commrtator pickoff on the displacemnt gyro. The rete gyro 
provided  lead by displacement of the commutator. Action of the power 
reley  energizes  the  appropriate  solenoid  servo  calling  for  corrective 
aileron  displacement. The ailerons were linked  together t o  provide 
equal  sixulteneous  deflection of f3' and were hinged a t  6& percent of 2 

3 
t3.e aileror,  root chord. E*aximum expected  aileron aerodynamic hinge 
norcent was e s t h a t e d   t o  be about 40 inch-pounds. The airframe-autopilot 
combimt-ion i s  characterized by an  oscil latory flight condition, with 
the  anplitude and frequency of the osci l la t ions dependent upon airfrane, 
eutopilot ,  and aerodynanic  parameters. The autopilot   characterist ics,  
as determined in  laboratory tests, are given in   t ab l e  I. The aerodynamic 
prameters   given  in  "able I1 were obtained by using  linear  theory  to 
extend  the data of reference 4. 

INSmmTATION 

Continuous-wave Doppler radar was used to neasure the velocity of 
the tes t   vehicle  and an NACA modified SCR-584 radar was used t o  obtain 
the flight path. Atnospheric data were obtained from a radiosonde 
balloon  released just pr ior   to  launching. 

An NACA 10-channel telereter transmitted  continuous  signals of f ree-  
streax  pitot  stagnation  pressure (two ranges),  longitudinal  acceleration, 
aileron  posit ion,   rate of roll ,   transverse  acceleration, right engine 
diffuser-exit   total   pressure and cmbustion-chamber s t a t i c  pressure, 
l e f t  engine  .diffuser-exit, to ta l   p resswe,  and fuel  injection  pressure.  

FLIGET TEST 

Flight test of' the  vehicle ?-res condzcted a t  the  Pi lot less   Aircraf t  
Research Station at ?$allops Islend, VE. A photograph of the m o d e l  

c 
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booster  conbination is shorn in   f igure  5.  Tne test vehicle xes connected 
t o  L&-e booster by a free-to-roll  coupling. The vehicle was launched a t  

onds (30 seconds pr ior  t o  booster ignitlo:),  and  mceged  remotely a t  
-15 seconds.  Vehicle fuel  programer power was applFed  remotely- a t  
0.0 time, f i r ing  the  booster  a t  1 . 3  secords and igni t ing the ram-jet 
engines a t  3.5 seconds at a Yach  number  of 1.6. The 15 missile  booster 
accelerated the vehicle   to  a Yich number oi' 2.3 a t  e time of 4.6 seconds. 
The vehicle  accelerated  to a peak bkch number of 2.68 a t  20.5 seconds 
when the l e f t  engine f hxed out. The right engine  continued t o  burn 
until approximately 25 seconds. The vehicle had decelerated t o  a Y ~ c h  
nmber of 2.1: vhen it w a s  l o s t  by Doppler rad-. 

4 a 750 elevation  angle. %-e gyro power was applied  remotely a t  -30 sec- 

A t  booster  separation  the  vehicle :<as stable i n  roll and co=tFmed 
stable u n t i l  12.5 seconds.  After 12.5 seconds the   a i l e rons   f a i l ed   t o  
respond  and tine m o d e l  continued t o   r o l l  fo r  the duratron of t he   f l i gh t  
a t  e. r o l l  velocity of about 5Oo0 ?er second. 

ANALYSIS OF DATA Am DISCUSSIOEU' 

T e s t  Conditions 

Engine Performance 

The net  thrust,  defined as t'ne actual  net   propulsive  force,  was 
deternined Trox telemetered longitudinal  acceleration and the  vehicle 
aass corrected  for fuel consumptior?. Net tkrus-i; coefficient,  based on 
t o t a l  engine area of 30th engines 0.462 square  foot, is shcrm i n   f i g -  
ure 10. Also shown is the external  drag  coefficient  obtained  during 
vehicle  coast End the  external  drag  coefficier-t of reference 1. The 
drag  coefficient OF reference 1 was used t o  obtain gross thrust   coeffi-  
c ien t   in   the  higher Ebch  number range  since  deceleratioc w i t h  one engine 
in  operation  precluded  the  deterdn&tioo of drag  for Ciis vehicle et t h e -  
higher  speeds. %vep though the  vehicles differed s l igh t ly  ir! configura- 
tion, the drag  coefficients  appear  to  agree  within  experimental  accuracy 
indicat ing  that  the drag  Coefficient of reference 1 is a good approxi- 
ra t ion  f o r  this   vehicle .  
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The gross Yirust  coefficient  based on engine  cross-sectional  ares. -I 

is shown i n   f i g n e  11as a fmc t ion  of Mach number. The thrust   coeffi-  
cient shown f o r  one-engine operation Ls based on the area of both  engines CI 

and is  adjzsted  for   the  internal  drag of the dead engine. The fuel-air  
ratios  presented  for  100-percent  conbustion  efficiency  obtained from the 
varfoas  values of gross thrust   coefficient,  Mach nuxber,  and free-stream 
ternperatme  vere  determined by the r;le-thod presented in  reference 3. !The 
ac tua l  fuel-air r a t i o  was determined frons. f u e l  rates experienced i n  
ground t e s t s  of the Z u e l  system  and calcxlated air  ra%s from the flight 
test. 

The gross thrust ,  and fue l  rates obtained from ground tests, and 
those  calculated  for  100-percent combustion efficiency are shown i n   f i g -  
ure 12. No fcel ra tes   a re  shown a f t e r  burzodt of the first engine  since 
considerade  error :.rould be introduced  in working w i t l l  one engine i n  
operation. 

P-e  total  pressure  recovery of the engines for  the  ram-jet  portion 
of  tke flight i s  shorn as a function of Yach nu!ber in   f igure  13. Tine 
dFffuser-exit  total  pressure w a s  measured by integrating ra'kes ins ta l led  
a t  the  difTuser-exit and the free-stream  total  pressure was calculated 
from free-stream  static  pressure and .Wch nmber. The recovery is  con- 
siderE5ly  lover  than  the n?aXim;m possible due t o  engine  operation a t  
low thrust  coefficient  during free flight. The engines a t  all times 
h-ere oFerating  vel1  5elov  their rraximur- thrust   coefficient and above 
design -%ch mmber. 

Roll AutoFilot Performance 

A sargle of the  aileron  position and roll ing  velocity as they 
a-ppeered on the tele-?leter record is shown i n  figwe 14. By integrating 
tke roll velocity  record, the amplitcde of the  self-sustained roll osci l -  
b t i o n  vas  obtained. The period of the oscillation  vas  obtained by meas- 
ureneni; of the time fo r  one cornpiete cycle.  Presented i n  figure 15 are 
the  actual an& theoretical  perisC m d  amplitude of the r o l l  osci l la t ion 
as a fraction of dynanic pressure. The method presented  in  the appendix 
of reference 5 %-as used to   calculate  the theoretical  curves shown in  
%?e figure.  The thezret ical   arpl i tude and period were calculated  for 
t:,,-o coxlittons, one asing  the  constant t h e  lag  T determined in  lab- 
oratory  teats, end the  other  using the values of T obtained from the 
f l l g h t   t e s t .  Values of T i n  the f l ight  t e s t s  were obtained by mas- 
urement of the t h e  required  for the a i le rons   to  go from start of rever- 
s a l   t o  half reversal  and adding t:?is increment t o  the time required from 
the  ini t ia t ion of sigaal t o  s'art of reversal  as obtained in  laboratory 
tests. Usixg the  time lag oktained  in flight, the theory shows  good 
agreemert :rith exgerimental data. Up t o  the tine of 5.5 seconds the 
value of T w&s corstant and s l igh t iy  higher thm that experienced i n  



Laborztory tests. This portior- of the flight is reqresented  in  the  f ig- . 
ure by the dynamic pressure rar?ge from 6,900 t o  6,000 lb/sq f t .  After 
6.5 seconds T gradually  increased w i t h  a corresponding  increase  in 
the amplitude and period as is shown in the figure f o r  dynamic pressures 
less than 6,000 lb/sq f t .  

After 12.5 seconds the  ailerons  remehed  against a stop,  except  for 
a slight movement every 180° of r o l l  displacement,  indiceting tha t  the 
gyro was signaling  for  opposite  aileron. As the  vehicle  decelerated, 
it traversed the speed  rm-ge tbzough which the rol l .system hEd previously 
operated  satisfactorily;  however, there uas no indication of e i leron 
response i n   s p i t e  of t h e   M g e  decrease i n  dynamic pressures at  the 
later  t imes.  The inab i l i t y  of the  a i lerons  to  respond et any time  ef-ler 
12.5 seconds  over the wide range of conditions  tends t o  indicate that 
am e l e c t r i c a l  or nechanical  fallure  in  the  solenoid  servo motor or 
aileron  linkage was responsible f o r  the r o l l  system divergence. 

CONCLUDING RF;MARKs 

~n the flight test of a roll-stabil ized  ram-jet   test   vehicle,   the 
following  points  uere observed: 

1. The ram-jet engines  operated  satisfactorily  over a mch number 
range of 2.3 t o  2.7 in   f r ee - f l i gh t  a t  fue l -a i r   ra t ios  of 0.038 t o  0.050 
and over an alt i tude range of 3,000 to 40,000 fee t .  

2. me  ro l l -cont ro l  systen?  operated sat isfactor i ly   during  the  in%- 
t ial  part of the flight. Theoretical values of the bzlf  amplitude and ' 

period shoy good apeement with experimental  results. 

Langley Aeronautical  Laboratory, 
National Advisory Committee for  Aeromutics, 

Langley Field, Va., July 28, 1955. 



8 NACA RM L55Hll 

. 
REF%RENCES 

Y 

1. Faget, :faxi:re A , ,  and Dett-ayler, H. riudolph: In i t i a l   P l igh t  Inves- 
t igat ion of e. Twin-Zngine Supersonic Ran? Jet. NACA RM L5OHl0, 1950. 

2. Dettwyler, H. 3udolpk, and Sond, Aleck C.: Flight Performance of a 
Twin-Ei?e;ine Supersonic Ra?! Jet From 2,300 t o  67,200 Feet  Altitude. 
NACA rnd ~ 5 0 ~ 2 7 ,  1951. 

3 .  Faget, Y k x i T e  X . ,  Watson, Raymond S., and Bart le t t ,  Walter A., Jr.: 
Free-Jet Tests of e. 6.5-Inch-Dia~eter R a m - J e t  Engine a t  Mach Num- 
bers of 1.81 and 2.00. NACA RY ~ 5 0 ~ 0 6 ,  1951. 

4. Zarovsky, Jacob,  and  Gardiner,  Robert A.: Flight  Investigation of 
a Roll-Stabilized Missile Configwatior? a t  Varying Angles of Attack 
a t  h c h  Niunbers  Between 0.8 and 1.79. NACA RM L5OHZ?l, 1951. 

I 

5. Cwfmn, Howard J., Jr. : Theoretical Analysis of the  Rolling Motions 
of Aircraft  Using e. Flicker-Tme Auta7latic R o l l  Stabil ization Sys- 
t e m  Having a Dis$lacerent-Plus-Rate Response. NACA RM L8K23a, 194.9. 5 



9 

TABU I. - ROLL AUTOPILOT CHARACTERISTICS 

Aileron  deflection . . . . . . . . . . . . . . . . . . . . . . .  
Displecement gyro: 

Voltage,d-c . . . . . . . . . . . . . . . . . . . . . . . . .  
Speed, rpm . . . . . . . . . . . . . . . . . . . . . . . . . .  

R & t e  &TO: 
Vol-kge, d-c . . . . . . . . . . . . . . . . . . . . . . . . .  
Speed, m p  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rate factor ,  h, rzdian/radian/sec . . . . . . . . . . . . . .  

Solenoid  servomotor: 
Voltage, a-c . . . . . . . . . . . . . . . . . . . . . . . . .  
Current aT:peres, d-c . . . . . . . . . . . . . . . . . . . . .  
Tractive  force a t  0.14 in.  

Stroke a t  lmo C, lb . . . . . . . . . . . . . . . . . . . .  
Effective  aileron  lever arm, in. . . . . . . . . . . . . . .  
Stroke, in. . . . . . . . . . . . . . . . . . . . . . . . . .  

Autopilot time lag, T, sec . . . . . . . . . . . . . . . . . .  
(am- time sigml originates in gyro t o  1/2 thzov of ailerons) 

t30 

24 
9,600 

24 
10,600 
0.16 

24 

0.14 
9.6 

31 
1.33 

0.05 
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"BIZ 11. - AERODYNAMIC  COEFFICIENTS USED TO OBTAIN 
AUTOPILOT THEORETICAL CURVES AFiD TIME LAG T As 

DETERICDED mor4 THE FLIGHT 

[Coefficients based on radian measure 
and wing area of 4.4k sq f q  

M = 2.33 M = 2.44 34 = 2.37 

Control moment coefficient, 

Roll-dmping coefficient, Czp . . . . . . 
0.082 0.0575 0.055 T i m  lag, T, sec . . . . . . . . . . . . 
-0.202 -0.208 -0.2115 

c%i . . . . . 0.0340 0.0357 0.0368 
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(a) Showing ram-jet engines. 1~86134.1 

Figure I.. - Photograph of t e s t  vehicle. 
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(b ) Showing vertical fins with t i p  ailerons. 

Figure 1.- Concluded. 
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Figure 2. - Sketch of t e s t  vehicle. 
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Figure 3. - Sketch oP t e s t  vehicle ran-jet engine. 
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Figure 4. - Photograph of roll-stabil:i~ation sysbem conrponents, 
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Figure 6 .  - Flight 2ath of the test vehicle. 
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Figure 8.- Mach number time-history of  the  flight. 
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Figure 9. - Reynolds number variEtion  with time (Reynolds number based on 
1.67 f t mean chord of ' the deltx f i n ) .  
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Figure 11.- Gross thrust  coefficient and fuel- air ratio  variation with 
Mach  number. 
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Figure 12.- Gross thrust and fuel  rate var ixt ion with time. w Rl 
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Figure 13.- Diffuser pressure recovery variation wj-th Mach number. 
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Figure 111. - Sample of the rol.llng velocity and aileron posi t ion as they 
qrpearcd on the  telemeter record. 



.4 0 

.30 

.20 

4,500 5,000 5,500 6,000 6,500 7,000 
Dynamic pressure, q, Ib/sq f t  

4yOOO 4,500 5,000 5,500 6,000 6,500 7,000 
Dynamic pressure, q, Ib/sq f t 

Figure 15. - Experlrr-ectal a d  tkeoret icel  r o l l  half  axplitude and period 
as a -function or" t h e .  

. 

NACA - Langley Field, Vz. 



DO NOT REMOVE SLIP FROM MATERIAL 

Delete your name from this  slip  when  returning material 
to the library. 

NAME I DATE I MS 

I I I i 
NASA Langley (Rev. Dec. 1991) RlAD N-75 

I 

. _. c 
c 

. . -  .. - 


